Intensive medical treatment and prolongation of life in a comatose patient virtually certain to remain in PVS or to die is not in society's best interest, and may not reflect the wishes of the patient or family. Thus, methods that confidently predict which patients will never awaken from coma allow clinicians and family members to make more informed and appropriate early decisions about life support of acutely comatose patients.
Median nerve somatosensory evoked potentials (SEPs) are increasingly used in some areas of the United States, and have strong evidence for utility in predicting outcome after coma (3) . Specifically, bilateral absence of cortical responses to median nerve stimulation is usually associated with a very poor prognosis. Pathologic studies in small numbers of patients with nontraumatic encephalopathy have shown that nearly complete cortical necrosis is required to obliterate the cortical SEP response (4) .
Methods used for the purpose of predicting nonawakening need to be exquisitely specific, i.e., they should have an extremely low risk of falsely predicting nonawakening when the patient would actually awaken if supportive treatment were continued indefinitely.
Our objective was to improve the level of confidence for prognosis of nonawakening based on SEP results, by systematic evaluation of the medical literature and a search for rare cases in which SEPs might falsely predict nonawakening. Combining the outcome data from published studies yields probabilities with greater certainty than individual studies because of narrower confidence intervals (CIs). For clinical application, it is most useful to have the outcome data presented for groups defined by coma etiology, age group, and SEP results. Therefore, data were extracted from all the included studies and recombined.
METHODS
Data Sources. We reviewed the medical literature using a MEDLINE search for English language studies reporting the use of SEPs for prediction of outcome after coma, from 1980 to 2000. Key words used included combinations of: somatosensory or evoked potentials, coma or resuscitation, and prognosis or outcome. Retrieved articles were also checked for additional pertinent references.
Study Selection. The initial search strategy yielded nearly 300 articles. Studies were assessed for technical methods and data description, and were included if they reported the coma etiology, the age group studied, the presence or absence of SEP responses, timing of SEPs, and coma outcomes. We included only articles that reported the initial cortical responses from median nerve stimulation, i.e., the N19 or N20 responses. Excluded were single case reports, case series with Ͻ4 patients, and articles from non-peer-reviewed journals. All excluded articles were examined for any exceptional results.
Of the 57 articles that met our initial study criteria, 12 reported combinations of etiologies and age groups that could not be separated, and thus were excluded from the pooled analysis. Of these 12, seven articles reported on traumatic coma in 456 children and adults, but the results could not be separated by age group (5) (6) (7) (8) (9) (10) (11) . Data were compiled for this mixed group separately (see Results), but not included in the figures. Three articles reported on adults in coma from both traumatic and nontraumatic etiologies but the results could not be adequately separated (12) (13) (14) . Two studies combined adults and children with both traumatic and nontraumatic etiologies, and the results could not be separated (15, 16) .
We sought to separate outcomes for bilaterally absent (as opposed to abnormal) SEPs, to provide the best specificity in predicting nonawakening. Thus, four studies combining together results for abnormal, unilaterally and bilaterally absent SEPs were excluded (17) (18) (19) (20) .
The 41 articles used in the review are listed in Table 1 ; those that included more than one group by age and etiology are listed more than once.
Data Extraction. Data extraction was performed by one author (PJM) and reviewed for accuracy by another author (LRR). We first separated reported cases by etiology and SEP results. Three studies combined reporting of hypoxic-ischemic encephalopathy (HIE) and intracranial hemorrhage (ICH) (21) (22) (23) , and three studies combined reporting of HIE and traumatic brain injury (TBI) (24 -26); we separated these results by etiology. In each of three studies (21, 27, 28) , results for two children were included along with adults; we separated (28) or omitted (21, 27 ) the results for the children.
In one study, the SEP results were combined with other tests (brainstem auditory evoked potentials, visual evoked potentials) into an overall grading system, but it was possible to separate the SEP data (25) . Some studies combined reporting of unilaterally and bilaterally absent SEP responses (21, 29 -32) . When possible, we reclassified unilaterally absent SEPs as abnormal, to distinguish them from the group with bilaterally absent responses. In one article, the long latency peaks (N70) were reported as absent although the short latency peaks may have been present (33); only the N20 data were included.
In one study, two cases were reported with SEP responses absent on day 0, but subsequently present on day 1-3; these two patients survived and have often been cited as an exception (25) . We reclassified them as having SEPs present, because responses were present between days 1 and 3, the time at which most studies reported SEPs and the time they are usually performed clinically (see Exceptions).
Waveforms with amplitudes Ͻ0.5 V (approximately the level of baseline noise) were generally considered absent. In one article, abnormally decreased amplitudes were grouped with absent responses (34). For one case included in this category, a waveform was shown with a small amplitude response apparent, which we reclassified as present but abnormal.
Definition of normal or abnormal SEPs depended on the reference values used by each laboratory, but studies typically used prolonged central conduction time, asymmetric latency, and/or decreased amplitude Ͻ50% of the other side. In some studies, SEP results were reported as present vs. absent, but not further described as normal or abnormal (35-38).
The Glasgow outcome scale was typically used to define outcome with the five categories of death, PVS, severe disability, moderate disability, or mild disability (39). We combined the outcomes of PVS and death (PVS/d) as poor outcomes, and combined severe disability with good outcomes, to be most conservative in predicting nonawakening. Some authors combined severely disabled patients with PVS/d, as a group with poor outcome (25, 40 -42) . For one study, we were able to reclassify these, grouping severe disability with others who awakened (25) . For three studies, we could not entirely separate the data for severe disability from PVS and/or death, and these patients were grouped with PVS/d (40 -42) . For adult and adolescent TBI, possibly up to six patients with present SEPs had severe disability rather than PVS (but not death) as an outcome (41) . For children, possibly up to 15 patients with absent SEPs had severe disability rather than PVS/d as an outcome, and possibly up to 15 patients with present SEPs had severe disability rather than PVS (but not death) as an outcome (40, 42) . Changes in these classifications would produce very small changes (of only 2% to 4%) in estimates of probability of awakening for those with SEPs present, and a larger change in estimates for children with absent SEPs (see Results), but they would not affect estimates for HIE coma outcomes.
Data Synthesis. We extracted and rearranged the data for 2,701 patients from the 41 studies into four groups of patients: adults with HIE (after cardiopulmonary arrest, drug overdose, drowning, hanging, etc.), adults with ICH, adults and adolescents with TBI, and children and adolescents with any etiology (most were traumatic).
Studies of adults with HIE or ICH included ages 17 to 90 yrs. Studies of adults with TBI often included adolescents, with the lower limit of the age range varying from 10 to 17 yrs. Studies of children, with traumatic and nontraumatic etiologies, included ages 1 month to 18 yrs. Thus, adolescents aged 10 to 18 yrs with TBI appeared in either of two groups, but were not counted twice.
The groups were then sorted according to SEP results (normal, abnormal, or bilaterally absent). Percentage awakening and 95% CIs were calculated for each SEP group. For 0% awakening rates, the 95% CI was calculated using the 3/n method for zero numerators (43) .
RESULTS
Our results are shown in Figures 1  and 2 , which show the percent of patients awakening within each group defined by etiology and SEP results, with 95% CIs for the proportion who awaken.
Some of the results require additional clarification. In one of the articles used for the HIE group (44), there were 22 patients with ICH with cortical responses present, who were combined with 333 patients with HIE; these were included in the reporting of normal vs. abnormal results, but not included in the total with responses present. And for 21 patients in other studies, cortical responses were present, but not reported as normal or abnormal. Hence, in Figure 2 , the 310 with abnormal cortical responses and 491 with normal responses do not sum to the total of 800 with present responses.
For ICH, data were not sufficient to analyze prognosis for normal vs. abnormal responses.
It is possible that some of 15 additional TBI patients with absent SEPs had severe disability rather than PVS/death as an outcome (40, 42) . If all 15 were reclassified as awakening, it would change the awakening rate from 7% to 14%, 95% CI 11%-19%.
There were 456 patients with TBI that could not be separated by age (data not included in figures). Of these, 48% awakened overall. Of the 456, 136 (30%) had bilaterally absent cortical responses. Of the 136, 18 (13%) awakened, 95% CI 7%-19%. Of the 317 patients with TBI in whom cortical responses were present, 235 (74%) awakened, 95% CI 69%-79%.
Data were not sufficient to analyze normal vs. abnormal responses. Tables 2 and 3 present Glasgow outcome scale results according to normal and abnormal SEP results, summarizing data from eight articles for HIE adults (4, 24, 26, 27, 29, 33, 45, 46) and eight arti-cles for TBI adults and adolescents (24, 26, 28, 30, 31, 42, 47, 48) . Those with normal cortical responses had better outcomes than those with abnormal responses for both HIE (chi-square ϭ 57.6, p Ͻ .001) and TBI (chi-square ϭ 64.4, p Ͻ .001). Table 3 separately lists outcomes for SEP abnormal and SEP unilaterally absent; in Figure 2 , these are combined as SEP abnormal.
Glasgow outcome scale results for those few patients who awakened despite bilaterally absent SEP responses are summarized in Table 4 . One adult with ICH awakened with moderate disability. Eleven patients with TBI and bilaterally absent cortical responses awakened, although it is possible that two of these actually had cortical responses present (49) . Eight of the 11 were reported to have severe disability on the Glasgow outcome scale, and three had outcomes better than severe disability (25, 50) . Of the children and adolescent group, six out- The reported day of testing, stimulation frequency, and length of follow-up time are listed for each study. The total number in each study, number of false positives, and positive predictive values are also listed for each study.
comes were listed as "handicapped" or dependent (severe disability). However, some or all of those six may actually have had unilaterally absent responses (32).
Exceptions. We searched for reports of awakening despite absent SEP responses, with particular concern for the category of coma caused by HIE. There have been few exceptions reported in the literature, yet these deserve further attention because they provide insight regarding the optimal time of testing. In one article, two cases were reported with responses absent on day 0, but subsequently present on day 1-3; these two patients awakened and are often cited as an exception (25) . In this analysis, we have reclassified them as having SEPs present, because responses were present when retested between days 1 and 3, the time at which most authors performed SEPs (Table 1) . In a later report, these authors recommend caution in interpreting absent SEPs Ͻ24 hrs after cardiac arrest (51) .
There is one report of four adult patients who awoke from coma despite absent SEP responses (52) . Of these, one patient had an intracranial bleed and one had TBI, and both of these groups did have a small number of patients who awakened despite absent SEP responses (the authors did not report the size of the cohort, only the four exceptions). The other two patients had HIE, but were tested Ͻ24 hrs after the event.
Study Variation. We did not treat each study separately in this systematic review, as one would in a conventional meta-analysis. This approach has the advantage of permitting calculation of CIs based on the pooled data. However, it does assume consistency between studies; therefore, we examined possible sources of variation.
Within each group, there was some variation among the studies in sensitivity (Table 5) , which here represents the proportion of the total that failed to awaken, that were detected by absent SEP responses. However, the median sensitivities for each group indicate that SEP tests will identify approximately half of the patients who ultimately fail to awaken.
Significant sources of variation include the time of testing and the stimulation rate. Time of testing varied from 0 to several days, with most performed at 2 to 3 days (Table 6 ) For the adults in coma from HIE in which time of testing was reported, SEPs were performed Ͻ24 hrs after the event in approximately half of the patients. There is a trend in the TBI group of those tested earlier having a greater likelihood of awakening than those who remain in coma longer before testing (Table 6 , trend test chi-square ϭ 11.01, p Ͻ .001). However, this trend is not seen in the HIE group (trend test chi-square ϭ 0.82, p ϭ .365), or in the other groups. A similar trend is seen in the TBI group for false positives (those who awaken despite absent SEP responses) ( Table 7 , trend test chi-square ϭ 3.10, p ϭ .078).
Stimulation rates varied from 1 to 9 Hz, but most were 3 to 5 Hz. Table 8 shows the rate of false positives for each group in the studies reviewed, listed by stimulation rate. Although these represent only a small number of patients, more false positives occurred in the studies using stimulation rates of Ն5 Hz (none of the HIE studies used rates Ͼ5 Hz). Faster stimulus rates are generally associated with smaller cortical SEP amplitudes. Although this is not a marked effect in normal subjects, it could produce more significant effects in the impaired central nervous system.
All included studies used median nerve SEPs, and 39 of the 41 stated that responses were recorded at the cervical spine (to exclude possible spinal cord injury) as well as over the contralateral sensory cortex. Two studies did not describe recording sites.
DISCUSSION AND CONCLUSIONS
This systematic review of studies of SEP results in comatose patients allows one to estimate outcomes with a higher degree of certainty than is available from individual studies. In addition to confirming the prior review of HIE coma by Zandbergen et al. (3) , our review provides summary prognostic data for other coma etiologies and age groups.
There are several limitations to this review. It is possible that we missed reports of people awakening despite having absent cortical responses, either because they were missed by our literature review or because such reports were not published. We have analyzed how large a study would be required to substantially change our CIs. An additional study showing two of 50, or three of 100 patients with bilaterally absent cortical responses awakening would change the upper 95% CI for awakening from 0.9% to 2% for patients with HIE coma, the group for which SEP carries the strongest prognostic value. A study demonstrating awakening in ten of 100 such patients would raise the 95% CI to 5%. We are not likely to have missed such a study. However, even very rare exceptions to this rule would disprove the contention that no one with hypoxic-ischemic coma and bilaterally absent cortical responses ever awakens.
Follow-up times were variable, with some studies not clearly indicating the follow-up interval and others extending out several years, but most were at 6 to 12 months (Table 1) . These follow-up intervals are for each study overall; typically, the time interval to specific outcomes (awakening or death) was not reported for individual subjects. Although most patients who eventually awaken do so within days to weeks, there are some patients, particularly after TBI, who do not awaken until months after injury. However, the studies with follow-up intervals of Ͼ1 yr reported lower overall rates of awakening than the studies with shorter follow-up intervals.
SEPs have good repeatability, with intraclass correlation coefficients of 0.82 to 0.85 (excellent) for cortical latencies, and 0.55 (good) for cortical amplitudes (53) . Level of sedation was not controlled for in these studies. Half of the studies did not mention sedation, some stated that no sedation or only paralytics were used, and some mentioned the use of midazolam and fentanyl, or barbiturates, in some pa- tients. Although sedation usually does not have a marked effect on SEP responses in people with normal brain function, it could have greater unknown effects in those with very damaged brains (54, 55) .
Finally, many studies reviewed were retrospective and thus SEP results could have influenced decisions on life support and ultimately outcome, creating a selffulfilling prophecy. Pooled prospective studies in which clinicians are blinded to SEP results would be needed to avoid this potential bias.
In the HIE group, all patients with absent SEP responses have been known to either die or enter the PVS with permanent unconsciousness. These results are similar to the review by Zandbergen et al (3) . When decisions regarding life support are being considered for these adult patients, the family can be assured that there would be very little chance of awakening if life support were continued, and further treatments are likely futile (56) .
For patients with HIE coma, a uniformly poor prognosis is also indicated when creatine kinase BB band levels in the cerebrospinal fluid (CK-cerebrospinal fluid) are sufficiently elevated (57) . Results to date indicate that this test is highly specific when appropriate reference values are used (23, 57) . It is moderately sensitive for detecting nonawakening when used between 48 and 72 hrs after onset of coma, but it is generally not applicable in patients with coma caused by trauma.
In the setting of adults and adolescents with traumatic coma, bilaterally absent cortical responses indicate a 5% (2% to 7%) chance of awakening and approximately a 1% chance of awakening with better than severe disability. Decisions about life support should be less strongly influenced by the SEP results, and will depend on other clinical data as well as family preferences and any previously indicated preferences of the patient. In children, even more exceptions to the rule occur; of the 7% who awaken despite absent responses, the majority do better than severe disability. We are more reluctant to propose using SEPs for decisions about life support in children. For both adults and children, it would be of interest to know the timing of these exceptional awakenings, although the literature typically only reports that they had awakened before the follow-up assessment at 6 or 12 months. There remains some overlap of age and diagnostic groups, particularly for adolescents with TBI. For those Ն18 yrs of age, the adult data would be appropriate. For those Ͻ18 yrs, we recommend using the data from the group of children and adolescents, although the data for both groups are very similar.
Most analyses have focused on using SEPs to predict nonawakening, rather than for predicting good outcomes. We agree that SEPs are most predictive when absent. However, the current analysis suggests that SEPs may also provide moderately useful prognostic data for predicting good outcomes. Those with normal SEPs seem to do better than those with present but abnormal SEPs. And in HIE coma, those with abnormal SEPs who awaken seem more likely to have severe disability.
In summary, SEPs provide useful prognostic information regarding outcome after coma. 
